Intermediate-mass black holes should help us to understand the evolutionary connection between stellar-mass and super-massive black holes 1 . However, the existence of intermediate-mass black holes is still uncertain, and their formation process is therefore unknown 2 . It has long been suspected that black holes with masses 100 to 10,000 times that of the Sun should form and reside in dense stellar systems 3-6 . Therefore, dedicated observational campaigns have targeted globular clusters for many decades, searching for signatures of these elusive objects. All candidate signatures appear radio-dim and do not have the X-ray to radio flux ratios required for accreting black holes 7 . Based on the lack of an electromagnetic counterpart, upper limits of 2,060 and 470 solar masses have been placed on the mass of a putative black hole in 47 Tucanae (NGC 104) from radio and X-ray observations, respectively 8,9 . Here we show there is evidence for a central black hole in 47 Tucanae with a mass of − + 2, 300 850 1,500 solar masses when the dynamical state of the globular cluster is probed with pulsars. The existence of an intermediate-mass black hole in the centre of one of the densest clusters with no detectable electromagnetic counterpart suggests that the black hole is not accreting at a sufficient rate to make it electromagnetically bright and therefore, contrary to expectations, is gas-starved. This
Intermediate-mass black holes should help us to understand the evolutionary connection between stellar-mass and super-massive black holes 1 . However, the existence of intermediate-mass black holes is still uncertain, and their formation process is therefore unknown 2 . It has long been suspected that black holes with masses 100 to 10,000 times that of the Sun should form and reside in dense stellar systems [3] [4] [5] [6] . Therefore, dedicated observational campaigns have targeted globular clusters for many decades, searching for signatures of these elusive objects. All candidate signatures appear radio-dim and do not have the X-ray to radio flux ratios required for accreting black holes 7 . Based on the lack of an electromagnetic counterpart, upper limits of 2,060 and 470 solar masses have been placed on the mass of a putative black hole in 47 Tucanae (NGC 104) from radio and X-ray observations, respectively 8, 9 . Here we show there is evidence for a central black hole in 47 Tucanae with a mass of − + 2, 300 850 1,500 solar masses when the dynamical state of the globular cluster is probed with pulsars. The existence of an intermediate-mass black hole in the centre of one of the densest clusters with no detectable electromagnetic counterpart suggests that the black hole is not accreting at a sufficient rate to make it electromagnetically bright and therefore, contrary to expectations, is gas-starved. This intermediate-mass black hole might be a member of an electromagnetically invisible population of black holes that grow into supermassive black holes in galaxies.
An intermediate-mass black hole (IMBH) strongly affects the spatial distribution of stars in globular clusters (GCs). Massive stars sink into the centre more efficiently because of relaxation in order to achieve energy equipartition. As a consequence, as stars sink closer to the centre they are scattered by the black hole, heating up the core. This process quenches mass segregation ( Fig. 1 ). Over the lifetime of a cluster, dynamical processes such as energy equipartition and two-body relaxation therefore contribute to the outward propagation of an integrated dynamical effect beyond the black hole's radius of direct influence. We find that this dynamical signature is efficiently propagated outward into the cluster. In relation to this effect, the distributions of pulsar accelerations for any projected distance from the centre show distinct features also sensitive to an IMBH. There are currently 25 pulsars with rotational periods in the range 1-10 ms (millisecond pulsars) detected within the cluster 47 Tuc. Of these, 19 have phase resolved timing solutions [10] [11] [12] (Extended Data Table 1) , which we use to infer spatial accelerations caused by the gravitational potential of the cluster 13 . Pulsar acceleration measurements together with N-body simulations provide stringent constraints on the mass of the central black hole in one of the most massive clusters (globular cluster mass M GC ≈ 0.7 × 10 6 M  , where M  refers to solar mass) with a compact core 14 .
IMBHs produce distinct imprints on how massive stars dynamically settle three-dimensionally after the cluster has relaxed. The upper limit of 1,500M  placed on the black hole mass (M • ) in 47 Tuc in earlier kinematic studies 15 appears inconclusive, because new kinematic data 16 and N-body models 14 imply that no clear distinction between globular cluster models can be made on the basis of available velocity dispersion measurements alone (Fig. 2) . In order to constrain the dynamical effects of a black hole in a cluster, we take a fundamentally different approach. In addition to pulsar accelerations, we jointly use this spatial imprint that carries information about the black hole beyond the radius of influence. We quantify how likely it is that a range of observed pulsar accelerations are related to specific model distributions.
The dynamical N-body simulations of isolated star clusters evolve under the influence of stellar evolution and two-body relaxation. A grid of several hundred star clusters starting with different initial half-mass radii, density profiles and masses of their central black hole are run up to an age of T = 11.75 Gyr to match the age of 47 Tuc 14 . We select those clusters that best match the surface density and velocity dispersion profiles of this globular cluster. The presence of primordial binaries does not play a notable role in the final segregation profile of heavy stars if clusters with the same surface density profile are compared (see Extended Data Fig. 1 and Methods). No other a priori assumptions are made that limit the dynamics of the cluster.
The best-fitting models for the no-IMBH case and for IMBHs with 0.5% and 1% of the cluster mass are selected as a subset of viable replicas of 47 Tuc. Models with black hole masses larger than 1% of the cluster mass lead to fits which significantly deviate from the observed density and velocity dispersion profile of 47 Tuc. Hence such massive black holes are ruled out, while models with smaller black hole masses or without a black hole lead to comparable fits. 
LETTER RESEARCH
In each simulated replica of 47 Tuc we have full spatial and kinematic information of all stars, including neutron stars. The majority of neutron stars (∼ 90%) become unbound because of high kick velocities following the supernovae explosions during their formation 17, 18 . We extract accelerations of all simulated neutron stars with projected distances that match the observed pulsars in 47 Tuc. Integrated accelerations of these matched neutron stars form distinctly different distributions (Extended Data Fig. 2 ).
N-body models with an IMBH produce pulsar accelerations that are overall more consistent with observations than models without an IMBH. The relative likelihoods for models in Fig. 3 show that a central black hole is required to produce the observed pulsar accelerations and distributions in 47 Tuc. The inferred black hole mass shows a strong peak at ≈ • − + M M 2, 300 850 1,500 (Fig. 4a ). The total cluster mass is another free parameter in our calculation that serves as a cross-check. With this method, we independently measure the total cluster mass of 47 Tuc as M GC ≈ 0.76 × 10 6 M  (Fig. 4b ), consistent with kinematic measurements 14, 16 .
We employ bootstrapping in order to cross-check whether the black hole detection signature comes from pulsar observations, and we can rule out systematic effects. Any statistical distance approach can be employed to calculate differences for two distributions. The Kullback-Leibler (KL) divergence (D KL ) is particularly well suited and mathematically robust for cases where the information entropy is quantified as a likelihood (L) (see Methods section 'Information theory and statistical learning'). KL divergences are calculated for randomly selected pulsars to quantify relative likelihoods for all models. We trace how the inference for the black hole mass changes in Fig. 4a . We find that the inference flattens with decreasing numbers of randomly selected pulsars (Extended Data Fig. 3 ); this indicates that the black hole detection signal is produced by pulsar data. Such behaviour is expected only in systems where there is statistical learning, that is, the information driving the inference comes from data, and not from random errors or outliers. For the case of 47 Tuc, the dynamical information extracted from N < 10 pulsars appears insufficient to conclusively infer a black hole mass, whereas the inference is sufficiently informative for N > 16 pulsars. (1)). Each point on the curves represents a unique comparison for a slight variation in the N-body models. The peak likelihood gives an independent dynamical measure of the total cluster mass, M GC ≈ 0.76 × 10 6 M  . The observed pulsar accelerations and distributions within the cluster are at least 10 times more likely to be produced in the presence of a black hole. 
Stars are expected to form a density cusp in power-law form ρ(r) ∝ r −7/4 (ρ and r refer to density and radius, respectively) around the black hole because of short relaxation times in the centres of globular clusters 19 . However, such a sharp cusp is predicted only for idealized model clusters of stars with the same mass. The actual shape of the cusp is difficult to predict because of the unknowns in stellar evolution, such as the mass function and binary fraction. While the projected density profile is expected to be relatively sharp, this cannot be used as a direct indication of a similar cusp in luminosity because the mass-to-light ratio (M/L) is not constant. More realistic multi-mass cluster models find that giant stars should follow a shallower slope of about − 0.25 in a typical cluster in projection 2 . A segregated neutron star and massive white dwarf population lead to a sharp rise of the dark mass, making the luminosity cusp shallower. Moreover, the stochastic motion of an IMBH relative to the cluster centre will flatten the centrally rising cusp even further. Therefore, it is not surprising that an IMBH in 47 Tuc would produce an optically unresolved shallow cusp.
An inescapable conclusion from having an electromagnetically undetectable black hole in the cluster centre is that the core is devoid of gas within its radius of influence. Winds driven by main sequence stars 20 , novae 21 and M-dwarfs 22 contribute to clearing the gas. Additionally, the kinetic energy injected by the pulsars' high energy emission into the intra-cluster environment alone may be sufficient to clear the ionized plasma from the central core 23 . In globular clusters, pulsars can provide the integrated ram pressure enhancement in the centre needed to create a gas-free cavity. The observed signature in the dispersion measures of pulsars in 47 Tuc 24 is probably due to the bound ionized plasma remaining present beyond the radius of influence of the black hole.
It is possible that such black holes sitting in the gas-deficient central cavities of primordial globular clusters constitute a subpopulation of progenitor seeds that formed the supermassive black holes in galaxy centres. For this, the black hole must form rapidly during the early evolutionary phases of the cluster and continue to grow exponentially after the cluster sinks to the core of a galaxy. Although massive and compact clusters are preferred environments where IMBHs can be found, mounting evidence suggests that the formation and retention of such black holes are stochastic 25 . For cases in which seed black holes are retained, it has been shown that they can grow rapidly through accretion at super-Eddington rates 26 . Stellar winds of massive stars can provide a gas reservoir with mass loss rates of ∼ 10 −6 (M GC /10 5 M  ) yr −1 to partially feed the black hole 17 . The gas present in the core can then be accreted as the IMBH stochastically moves in the core. It is likely that runaway collisions 27 play at least a partial role in the growth of black holes, as well as the mergers of compact binaries 5 . In fact, binaries with black hole primaries are expected to form in the early phases of the cluster evolution and may be retained 28 . Some of these massive binaries could eventually merge and drift towards the centre, feeding the black hole, which would make these sources ideal for tidal disruption and gravitational wave detection. The rapid growth of a black hole in a primordial globular cluster that merges with the galactic bulge as it passes close to the centre of a galaxy may continue exponentially at super-Eddington rates 29 , producing the supermassive black holes in quasars 30 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
METHODS
Pulsar data. The high precision timing solutions for pulsars in 47 Tuc have been possible owing to a long dedicated observation campaign for several decades with the Parkes radio telescope 31,32 . We use timing solutions in Extended Data Table 1 [10] [11] [12] .
Based on the observed number of pulsars, the total predicted number of neutron stars in the cluster may change between 200 and 1,500 because of the integrated uncertainties in the luminosity distribution, beaming, flux densities and spectral indices of pulsars; and the initial mass function, binary fraction, encounter rate and scintillation properties of the cluster. Our N-body simulations with an ∼ 10% retention fraction predict ∼ 1,000 neutron stars in 47 Tuc. N-Body simulations. A grid of several hundred N-body simulations of star clusters, varying the initial density profile of the cluster, its initial half-mass radius and the mass ratio of the black hole to the total cluster mass (M • /M GC ) were used for our study 14 . All simulations were produced using the GPU-enabled version of the collisional N-body code NBODY6 33,34 , which includes two-body relaxation, tidal fields, and fitting formula for the modelling of stellar and binary evolution. The simulations were run up to T = 11.75 Gyr, the age of 47 Tuc 35 , and then scaled to have the same half-mass radius as 47 Tuc 36-38 . The best-fitting models to the surface density and velocity dispersion profiles of 47 Tuc were determined with a χ 2 test.
All simulations were run with 100,000 particles except the simulations with 0.5% IMBHs, which used 200,000 particles 14 . The initial conditions are King models with initial concentrations of c = 0.2, 0.5, 1.0, 1.5, 2.0 and 2.5. These values cover the observed concentrations of galactic globular clusters 39, 40 . Initial relaxation times of the N-body models range from 300 Myr to 12 Gyr with a half-mass radius R H = 2 pc to R H = 35 pc. It is unlikely that 47 Tuc has started with a half-mass relaxation time outside this range, since this would require that the cluster started with either a mass or half-mass radius very different from that of observed clusters. Also we find that the best-fitting N-body models are well inside the trial grid, away from the edges in the parameter space. All models were isolated. IMBHs influence mainly the core of a star cluster and the dynamics in the core are hardly influenced by tidal effects. Therefore, the use of isolated models is justified.
The black hole was treated as a massive star in the simulations, so the IMBH was not fixed in these simulations and was allowed to wander stochastically around in the core. All models became mass segregated, where the amount of segregation depends on the initial half-mass relaxation time and initial concentration of the model. During the simulations, stellar-mass black holes form from stellar evolution, concentrate near the IMBH owing to mass segregation, and then kick each other out because of close encounters. Stellar-mass black holes have kicked each other out by T = 11.75 Gyr in all simulations, except those with the largest relaxation times where only a handful remain.
Models with black hole masses of 1% of the cluster mass deviate significantly from the observed density profile of 47 Tuc. The discrepancy is strongest for radii around 10″ where the observed density profile has a near constant density core. A near constant density profile at this distance is in good agreement with theoretical predictions 2 . The 1% IMBH model also has a strong central rise in the velocity dispersion profile, which is not seen in observations. We expect that both problems would become even more pronounced for more massive black holes. Hence the presence of black holes with mass equal to or larger than ∼ 1% of the cluster mass (∼ 8,000 M  ) can already be excluded. The 0.5% IMBH model leads to a better fit of the observational data. At the core of the cluster within 5″ , the surface density of the 0.5% IMBH model is compatible with the observed density profile. Only at distances beyond r ≈ 10″ is the surface density of the model cluster < 20% lower than the observed profile. Such differences could be attributed to the uncertainties in the mass function and binary fractions in 47 Tuc 41 . Primordial binaries. Primordial binaries are expected to play an important role in the early evolution of the cluster core 42 . For 47 Tuc, it has been estimated that primordial binaries may have pushed the core radii up to an additional 20% during the early stages of the evolution 43 .
In order to comparatively study the possible effects of primordial binaries on the current mass segregation, we ran additional simulations for three different model clusters. The mass function, neutron star and black hole retention fractions were kept consistent with other runs. These simulations' base code was the GPU enabled NBODY6 with a Hermite integration scheme for variable time steps 44 . This integration scheme applies chain regularization 45 in order to have sufficient time resolution to follow the tight orbits of binaries and their close encounters with other stars over the cluster lifetime.
Our first cluster was evolved with 10% primordial binaries. We took a snapshot of that simulation at T = 11.75 Gyr, by which time almost half of all stars had left the cluster and the global binary fraction went down to 7%. The fraction of binaries within 50% of the projected half-light radius increased to 15% at this time, fully consistent with observations of 47 Tuc 46 . We compare this with snapshots of the other two simulations, one without primordial binaries and the other with a 0.5% IMBH model. All snapshots are taken at the same time of their evolution and scaled by their projected half-light radii to compare their stellar distributions.
Extended Data Fig. 1 shows clearly that the presence of primordial binaries does not play a notable role in shaping the current mass segregation profile of massive stars. Once the IMBH forms, it becomes the dominant driver of the cluster core dynamics. Information theory and statistical learning. The Kullback-Leibler (KL) divergence (D KL ) provides a mathematically robust approach for a comprehensive treatment of the acceleration distributions 47 . D KL quantifies the entropy between two distributions. Specifically, D KL is proportional to − E[log(L)], where E is the expectation value and L is the likelihood. This likelihood value has a trivial numeric relation to the measured (P) and simulated (N ) pulsar accelerations, which then can be calculated given that the information entropy is
The intrinsic spin-down contribution to measured pulsar accelerations. The measured spin-down rates P ( ) m of galactic millisecond pulsars can be used as a proxy to disentangle the overall potential contribution of the intrinsic spin-down P ( ) i to the measured apparent accelerations. For pulsars in globular clusters ≠ P P m i because P m is modified by the cluster potential. The acceleration due to the cluster potential is
The variation in the pulsar magnetospheric geometry, formation channels and internal structure (that is, moment of inertia), which determine P i , are expected to be similar for pulsars in clusters and the galactic disk. Therefore, the P i distribution of pulsars in clusters should be comparable to the P m distribution of galactic pulsars. Hence, we use the two-dimensional observed period-spin down − P P ( ) m distribution of galactic pulsars to infer the possible range for the intrinsic spin-down contribution to pulsar accelerations in 47 Tuc 48 . The level of uncertainty due to the unknown contribution of the intrinsic P to the measured pulsar accelerations are represented with different shades in Extended Data Fig. 2 .
Because the intrinsic P s of pulsars are not individually known, we treat the observed range of P and P of galactic millisecond pulsars as a distribution of values to offset the intrinsic contribution to the measured acceleration. Instead of assuming a single acceleration term, we use the 68%, 95% and 99% probable intervals for the range of acceleration values corresponding to each pulsar in 47 Tuc. The globular cluster centre. We use the kinematic centre (α, δ) = (0 h 24 min 05.67 s, − 72° 04′ 52.62″ ) of 47 Tuc 15 for our calculations. The uncertainty in the centre is about ± 0. 25″ in each coordinate 49, 50 . In order to study the potential contribution of an asymmetry to our calculations, we randomly shift the cluster centre within the error box and re-calculate the black hole mass with randomly selected pulsars for many bootstrap cycles. We find that the effect of uncertainty in the cluster centre on the inferred black hole mass is less than 5%. Code availability. The simulations 14 were produced with the GPU-enabled version of the collisional N-body code NBODY6 33,34 publicly available online at this URL: http://www.ast.cam.ac.uk/∼ sverre/web/pages/nbody.htm (the authors can provide further details for reproducing the simulations). Data availability. Data are available from the corresponding author upon reasonable request. in contrast, b, the distribution of neutron stars is notably different for the IMBH model. The neutron star spatial distributions for N-body simulations with and without primordial binaries are similar. Therefore, it is unlikely that primordial binaries play a considerable role in shaping the final segregation profile of clusters with an IMBH.
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Extended Data Figure 3 | Predictive power correlates with number of observed pulsars. Shown are the normalized probabilities of N-body models with different black hole masses, as in Fig. 4a , for different numbers of randomly selected pulsars. The converging inference with increasing number of pulsars is indicative of statistical learning and demonstrates that the information comes from observations. The line thickness scales with the level of ambiguity for each inference.
